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Abstract 
As the cost of fuel increases and environmental impacts are of greater concern, manufacturers 
seek to reduce vehicle weight. A common way to reduce the weight is to construct structural 
components from advanced high strength steels (AHSS) which have improved mechanical 
properties. Through past literature, AHSS are known to be susceptible to hydrogen 
embrittlement and even more-so with the presence of notches. With focus on martensitic 
steels MS1500 and MS1700, test specimens were developed that (i) had smooth middle 
sections and (ii) had opposite U-shaped notches with K=3.1. These specimens were tested 
using the linearly increasing stress test (LIST) at conditions which simulate automotive 
service. LIST is an ideal test for practical applications as it is load-controlled and can simulate 
different stress rates through a selection of different motors. LIST was carried out in the 
following environments medium and slow stress rates: (i) air, (ii) 3.5% NaCl at the free 
corrosion potential of steel, and (iii) 3.5% NaCl at the free corrosion potential of zinc. These 
conditions represent worst case scenarios for AHSS that are used in automotive service.  
Scanning electron microscope (SEM) imaging was used to view fracture surfaces to detect 
fast fracture modes such as ductile microvioid coalescence (MVC) fracture or brittle fracture 
by intergranular, transgranular or quasi-cleavage. In air specimens, fractures were dominated 
by MVC. Hydrogen embrittlement was indicated by brittle fracture modes appearing in 
hydrogen environments. Two hydrogen indexes were calculated using either the ultimate 
tensile strength or the percentage of the reduced area. The reduced area index showed high 
susceptibility to experimental error due to comparatively low reduced area percentages 
between hydrogen and air environments.  
Results showed that notched specimens were more affected by hydrogen embrittlement in 
automotive service conditions than smooth specimens. This was due to the presence of brittle 
zones of intergranular and quasi-cleavage fracture beginning at notch root tips (the location of 
stress concentration). Both smooth and notched specimens were affected by hydrogen 
embrittlement under slow stress testing. 
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1.0 Introduction 
As the cost of fuel increases and environmental impacts are of greater concern, the need to 
improve the efficiency of automobiles has become a large objective for many manufacturers. 
Although these manufacturers continue to investigate alternative ways to power automobiles, 
weight saving still remains a large objective. A common way to reduce the weight is to 
construct structural components from advanced high strength steels (AHSS) which have 
improved mechanical properties allowing the amount of material to be minimized [1]. These 
steels are ideally used as reinforcement components such as door beams, side sill 
reinforcements, roof cross members and bumper beams as illustrated in fig 1 [2]. These 
structural components provide rigidity to the chassis to improve performance and protect 
vehicle occupants in the event of an accident [2]. 
Literature exists revealing that advanced high strength steels are susceptible to hydrogen 
embrittlement [3]. Hydrogen dissolved in AHSS has the potential to cause failure even when 
operating below the typical yield stress of the material [3]. This represents a potential safety 
and/or operational risk if the effects are not considered when designing automotive 
components. 
Previous research has indicated that hydrogen embrittlement shows little effect on smooth 
samples under automotive operating conditions for select AHSS [4]. On the contrary, research 
has shown that notched specimens are typically more affected by hydrogen embrittlement 
than smooth specimens [5]. It is important to further investigate this to determine if notched 
AHSS may be influenced by hydrogen under automotive operating conditions as the 
repercussions of unexpected failure could reduce vehicle performance and fail to adequately 
protect vehicle occupants. 
 
Fig. 1.  Typical application of AHSS as structural components of an automobile [2].   
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1.1 Tested Materials 
Martensitic steels MS1500 and MS1700 were investigated for hydrogen notch sensitivity. 
These steels have a microstructure consisting mainly of martensite containing ferrite and/or 
bainite [6]. Martensite is a result of fast cooling, limiting the diffusion of carbon. The carbon 
causes lattice distortion resulting in high residual stresses [7]. Tempering, where carbides are 
precipitated, is required to improve ductility and toughness [7]. By varying the chemical 
composition and heat treatment process, different microstructures can be obtained. On the 
basis of chemical composition, MS1700 has a higher percentage of carbon and manganese 
compared to MS1500 [2] (See Appendix A1). This higher composition aids in strengthening 
the martensitic structure, resulting in higher strength characteristics [8], as seen in Table 1. 
Both steels have a 3% elongation when tested with 50mm or 80mm gauge lengths, showing 
similar ductility [2]. 
Table 1: MS1500 and MS1700 Strength Data [2] 
Steel Yield Strength (MPa) Ultimate Tensile Strength (MPa) 
MS1500 ~1300MPa 1500-1750MPa 
MS1700 ~1500MPa 1700-2000MPa 
 
1.2 Testing Method and Conditions 
The linearly increasing stress test (LIST) was used as opposed to the constant extension rate 
test (CERT) for testing hydrogen embrittlement. Although both processes are identical when 
the specimen is undergoing elastic deformation [9], the important difference is that LIST is 
load-controlled but CERT is displacement-controlled [10]. Failure is observed as the loaded 
component becomes mechanically unstable under LIST [10]. Components used in practical 
applications are often subjected to constant loads in service, making LIST an ideal test for 
simulating these load-controlled conditions [10]. This test has been used extensively in 
research on hydrogen embrittlement, especially for simulating automotive service conditions 
[4, 9, 11]. 
Previous LIST of AHSS has shown that hydrogen susceptibility increases with an (i) increase 
in strength, (ii) reduction in applied stress rate, and (iii) increased hydrogen concentrations [4, 
9, 11]. Thus, it was expected that MS1700, having the highest strength, would show the 
greatest susceptibility to hydrogen compared to MS1500. It was also expected that tests 
conducted at a slow stress rate would show a greater hydrogen susceptibility to tests 
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conducted at a medium stress rate. Previous literature has determined that under fast loading 
situations such as crashes, hydrogen embrittlement has a negligible effect on martensitic steels 
[9], making tests at fast stress rates unnecessary. Tests were to be conducted at ~0.08MPa/s 
for the medium stress rate and ~0.008MPa/s representing a 30RPH or 3RPH LIST motor 
respectively. These stress rates were chosen in accordance to previous LIST research of 
martensitic steels [9]. 
Differing hydrogen concentrations in automotive service can arise from different 
electrochemical potentials during corrosion. Steels used in automotive service are 
occasionally in contact with salt water from the sea or de-icing techniques used in snowy 
climates. Sea water, on average, contains 3.5%wt sodium chloride (NaCl) [12], making a 
solution of such composition good for laboratory testing purposes. Specimens in contact with 
this solution were to be tested at the free corrosion potential of the steel (ECorr) and at the free 
corrosion potential of zinc (EZinc). The zinc potential is an important simulation as steel is 
often galvanized during automotive manufacturing for corrosion protection [13]. The 
diffusible hydrogen content of martensitic steels was found to be higher at EZinc than at ECorr 
in 3.5%wt NaCl from previous research [9]. Constant exposure to sea water is unlikely during 
automotive service, making these test conditions a worst-case scenario. 
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1.3 Scope 
The focus of this paper is to compare the mechanical performance and fracture mechanics of 
notched and smooth AHSS specimens in slow and medium stress loading situations under 
environments which simulate automotive service conditions. AHSS specimens were to be 
tested as-received without finishing processes which may invoke additional hydrogen 
adsorption and trapping (such as galvanisation). AHSS were supplied in hot-rolled sheet form 
from the same supplier that major automotive manufacturers use, allowing the assumption 
that internal hydrogen is consistent.  The use of varying notch designs and stress 
concentrations were not considered, but may be a useful consideration in future research. 
Corrosion at the free corrosion potential of other metals such as aluminium (commonly used 
in the automotive industry) was also not considered, but may be useful in future research. It 
was assumed that the tests conducted at simulated conditions detailed in 1.2 represent the 
worst-case scenario for an automobile during service.  
The following key points summarize the goals of this report: 
1. Hydrogen sensitivity of MS1500 and MS1700 under medium and slow loading 
conditions where hydrogen is introduced through the corrosion of the steel in 
simulated service conditions. 
2. How the presence of a notch with a known stress concentration can influence 
hydrogen assisted failure under the same test conditions. 
3. Selection of an appropriate hydrogen embrittlement index for comparison between 
notched and smooth specimens. 
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2.0 Literature Research 
2.1 Hydrogen Embrittlement 
Hydrogen embrittlement, caused from the adsorption of atomic hydrogen [14], can manifest 
as (i) a reduction of the yield strength (YS) and ultimate tensile strength (UTS), (ii) a 
reduction in ductility and (iii) subcritical crack growth [4, 9, 11]. A reduction in ductility can 
be experienced without a significant reduction in YS or UTS [4, 9, 11]. Previous LIST of 
martensitic steels under automotive conditions showed reductions in YS and UTS with no 
subcritical crack growth [11]. Hydrogen caused a reduction in the UTS but fracture only 
occurred once the applied stress had reached the UTS [11]. This indicates that some 
mechanisms that promote subcritical cracks, often associated with hydrogen embrittlement, 
are not directly applicable [11, 15]. Two new mechanisms have been proposed to explain this 
behaviour [15]: 
i. Hydrogen enhanced macroscopic plasticity (HEMP): A reduction of the YS from solid 
solution softening by hydrogen facilitating macroscopic movement of dislocation 
masses. A reduction in ductility is not observed, thus making it unsuitable to be named 
an embrittlement mechanism [15]. 
ii. Hydrogen assisted micro-fracture (HAM): Hydrogen causes a change in micro-
fracture mode from a ductile to brittle fracture that is initiated at the specimen surface 
during the final fast fracture [15]. 
Hydrogen embrittlement involving the formation of subcritical cracks at stresses less than the 
yield stress is called hydrogen assisted cracking (HAC). Internal hydrogen embrittlement 
(IHE) and hydrogen environment embrittlement (HEE) are examples of HAC [16]. IHE 
occurs when atomic hydrogen is absorbed into the metal matrix before the application of 
external stresses such as during pickling or electroplating [16, 17]. Hydrogen environment 
embrittlement (HEE) involves subcritical cracking in a hydrogen environment [16]. HAC 
mechanisms that promote subcritical crack growth include: 
i. Hydrogen-enhanced Decohesion (HEDE): Hydrogen atoms weaken interatomic bonds 
through a donation of an electron to an unfilled shell of iron atoms. This causes a 
tensile separation of atoms [16]. 
ii. Hydrogen-enhanced localized plasticity (HELP): solute hydrogen facilitates the 
movement of dislocations throughout the material by diffusion to crack tips due to a 
localized stress concentration [16]. 
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iii. Adsorption-induced dislocation emission (AIDE): The atomic bond is weakened due 
to adsorption and cause dislocations to move away from crack tips when a stress is 
applied. Micro-voids occur ahead of crack tips aiding in crack growth and along with 
dislocation emission cause the eventual failure of the material [16]. 
2.2 Susceptibility to Hydrogen Embrittlement 
There are three main requirements for hydrogen embrittlement including a susceptible steel, 
the presence of hydrogen and the presence of tensile stresses (residual or applied) [14]. Steels 
that are susceptible to hydrogen embrittlement are often found to have high yield strengths in 
excess of 1GPa [14]. Previous LIST of AHSS has shown that hydrogen susceptibility 
increases with an (i) increase in strength, (ii) reduction in applied stress rate, and (iii) 
increased hydrogen concentrations [4, 9, 11]. For hydrogen embrittlement involving HAC, 
steels with a YS of 1.4GPa are found to be susceptible at a hydrogen concentration a tenth of 
that of a steel with a YS of 0.75GPa [16]. 
The production of steel through melting or welding often increases hydrogen absorption [16]. 
For martensitic steels, a small concentration of adsorbed hydrogen has been observed in the 
as-received steel during past research [9]. The finishing process which is also conducted on 
the steel is an important factor as steels which are subjected to coating processes such as 
electroplating or galvanising are exposed to hydrogen [16]. Additionally, coating processes 
can form a dense seal trapping absorbed hydrogen within the steel [16]. Avoiding acidic 
solutions (often used during paint-stripping and pickling) and using an appropriate post bake 
process after the finishing of steel is recommended to reduce absorbed hydrogen in newly 
manufactured components [16]. This paper does not consider finishing processes but it should 
be noted that steels with different initial absorbed hydrogen concentrations may behave 
differently under the conditions tested. The martensitic steels used in this paper are supplied 
identically to how major manufacturers receive them. 
Venezuela, J et al has observed that martensite is an important factor in the susceptibility of 
AHSS to hydrogen embrittlement [11]. HELP deformation is observed due to hydrogen 
trapping in the dislocations and boundary defects present in martensite, resulting in a YS 
decrease [11]. Trapped hydrogen was seen to cause fast fracture initiation and propagation 
[11]. The increase of hydrogen embrittlement susceptibility due to an increase in strength of 
the AHSS may be significantly caused by the increase in martensite. 
Research has shown that notched specimens are typically more susceptible to hydrogen 
embrittlement [5]. Hydrogen diffuses to notches as they act as a localized high concentration 
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of stress. It was found that notches of higher stress concentration values result in a greater 
reduction of UTS [5]. 
2.3 Hydrogen Embrittlement Index 
For the hydrogen sensitivity testing of smooth specimens, the reduction of area is a suitable 
parameter to be used to index the hydrogen embrittlement (Equation 1) that is often used in 
previous research [4, 9, 11]. Such an index represents the reduction of ductility, indicating 
embrittlement. However, notches often cause a ductility reduction [18], which may make the 
percentage of reduced area hard to calculate. A second proposed hydrogen embrittlement 
index involves the use of strength data (See Equation 2). 
 
𝐼 =
𝑅𝐴𝐴𝑖𝑟 − 𝑅𝐴𝐻
𝑅𝐴𝐴𝑖𝑟
× 100 
Where 𝑅𝐴 = Area Reduction in Air/Hydrogen environment 
[1] 
 
𝑆𝑈𝑇𝑆/𝑌𝑆 =
𝑇𝐴𝑖𝑟 − 𝑇𝐻
𝑇𝐴𝑖𝑟
× 100 
Where 𝑇 = UTS or YS in Air/Hydrogen environment 
[2] 
 
2.4 Hydrogen Source under Automotive Service 
Automobiles typically are not exposed to hydrogen gas with the exception of hydrogen fuel 
cell vehicles. However, hydrogen can be produced by corrosion reactions or cathodic 
polarization. Electrolysis of water, where it is decomposed into water and oxygen, is a 
potential source of hydrogen in a neutral solution. Corrosion of iron in the presence of an 
electrolyte such as sodium chloride solution can also produce hydrogen [19]. Previous testing 
in (i) 3.5% NaCl at ECorr and (ii) 3.5% NaCl at Ezinc has shown that an increasingly larger 
negative potential, such as when the steel is polarised to the zinc potential, increases diffusible 
hydrogen content [9].  
2.5 Common Micrograph Features 
Fractography is used to help understand the cause of failure by studying the fracture surface. 
Observing the fracture surface often allows different fracture modes to be identified including 
microvoid coalescence, quasi-cleavage, intergranular and transgranular cleavage fracture [20].  
Microvoid coalescence (MVC) fracture indicates a ductile fracture where voids grow during 
plastic deformation and separate after failure to show a dimpled texture [20]. When the force 
is applied in the normal direction, equiaxed microvoids are observed which show a round 
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dimpled texture [20]. If a shear stress is applied, MVC dimples are elongated in the direction 
of the applied shear [20]. In previous LIST research where failure of smooth specimens 
occurred without significant hydrogen embrittlement, a cup-cone fracture (Figure 2A) was 
often observed which showed a region of equiaxed MVC dimples (Figure 2B) and a region of 
elongated MVC dimples (Figure 2C) where a shear stress occurs [4, 9, 11]. 
 
Fig. 2.  Cup-cone fracture observed for MS980 at 3.5% NaCl at EZinc showing MVC dimples 
in a center (C) and shear (S) region [9]. 
When failure occurs in brittle fashion, (i) quasi-cleavage, (ii) intergranular and (iii) 
transgranular cleavage fracture can be seen. Intergranular cleavage fracture is seen when 
fracture occurs along grain boundaries as opposed to transgranular cleavage fracture where 
the fracture plane goes through grain boundaries [20]. Grain boundaries are highlighted 
during intergranular cleavage fracture (Figure 3A) whereas transgranular cleavage shows a 
smooth surface [20]. Quasi-cleavage is a combination of cleavage and MVC features (Figure 
3B) [21]. These brittle fracture modes often indicate an embrittlement process such as 
hydrogen embrittlement [21, 22]. Previous LIST research has shown brittle fast fracture 
modes when AHSS were affected by hydrogen embrittlement [4, 9, 11].  
  
Fig. 3.  [A] Intergranular fracture at 3000x [20], [B] Quasicleavage fracture at 8000x [21] 
A B 
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2.6 Notch Strengthening 
Within an elastic region of a crystalline metal such as martensitic steels, the notch stress 
concentration expresses the degree to which stress is increased by the presence of a notch. 
When plastic deformation begins at the notch root, this stress concentration is reduced due to 
an increase in the notch root radius [23]. Transverse and radial stresses are present in notched 
specimens, increasing the stress required for yielding [23]. The result of plastic constraint 
effects causes notched crystalline metals to show a higher YS and UTS than a smooth 
specimen [23]. When a material is more prone to brittle fracture, notches cause a YS and UTS 
reduction [24]. 
 
Fig. 4.  Graphical representation of how ductile crystalline metals (b) show increased UTS 
with the prescence of a notch as opposed to brittle ceramics (c) [25]. 
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3.0 Methodology 
3.1 Specimen Design and Manufacturing 
LIST Constraints 
It was paramount that the designed specimens were compatible with the LIST machine and 
associated equipment such as the chambers. A typical test specimen compatible with the LIST 
machine was provided so that important geometric values could be adapted (Appendix C1). 
Examination of Appendix C1 dictated that locking pin holes were to be set at 6.1mm to allow 
a firm fit. These holes were to be located 9mm from each end of the specimen with the 
specimen length set at 111mm. To ensure compatibility with the solution camber seals, a 
width of 12mm at the grip section was required. Previous testing with the LIST equipment 
showed that AHSS samples having a width of approximately 3mm or greater failed to break 
[26]. To ensure that the designed samples were within the equipment capabilities, specimens 
were set to a nominal width of 1.5mm.  
Notched Specimen Design 
An example notched specimen was provided with the project description which showed a 
design for two opposite U-shaped notches (Appendix C2). As per the LIST constraints, it was 
concluded that the design was incompatible with the existing LIST equipment and a redesign 
was required. Barrata and Neal (1970) provides an equation for estimating the notch 
concentration factor for opposite U-shaped notches (Appendix C3). The redesigned specimen 
maintained the same notch concentration factor as the example specimen (Kt=3.1) but the 
distance between the notch root radius was reduced to 1.5mm. Care was taken to ensure the 
design met the standards set by ASTM E292 [27]. 
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The final notched specimen design drawings can be examined in Figure 5 where all important 
tolerances were listed.  
 
Fig. 5.  Schematic of notched LIST specimen where Kt≈3.1. All dimensions are in 
millimetres. Thickness of specimen was dependant on steel sheet thickness. 
 
Verification Specimen Design 
A verification specimen was developed as a smooth specimen through the guidance of ASTM 
E292 [27]. The benefit of using this design was that the point of fracture was controlled to the 
middle of the specimen. Additionally, having a smaller area of interest reduced the 
manufacturing cost due to a lesser amount of EDM required.  
 
Fig. 6.  Schematic of verification LIST specimen. All dimensions are in millimetres. 
Thickness of specimen was dependant on steel sheet thickness. 
Manufacturing 
Specimens were manufactured from sheets of MS1500 and MS1700 using a combination of 
water-jet cutting and electrical discharge machining (EDM). Where tolerances were not of 
importance, such as outside the gauge section, water-jet cutting was done. Following the 
rough cut out of the specimen, EDM was used to machine the gauge section. Finally, holes 
were drilled using a 6.1mm drill bit in a drill press. 
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3.2 Specimen Preparation 
Before LIST was conducted, specimens were polished and cleaned. This process involved the 
use of 600 grit sand paper to polish the reduced area section (The 19mm area between 
shoulders in Figures 5 and 6). 1200 grit sand paper was then used to provide a smoother 
surface finish. Both sanding processes were conducted dry with new sand paper for each 
specimen. Polishing was not conducted on the sides of the specimens due to the intricacy of 
the notch. Following the sanding process, specimens were then rinsed with ethanol and then 
dried using compressed air. Due to variance in the sheet thickness of MS1500 and MS1700, A 
Vernier caliper was used to take an accurate measurement of the thickness of the specimen for 
stress calculation. The width of the specimen was assumed to be 1.5 mm as per the design 
drawings (Figures 5 and 6); this assumption was later investigated in section 4.1. 
Charged Specimens 
For all specimens submerged in sodium chloride solution, an additional step was required. 
Thread sealant was applied in such a way that a 10mm gap was left exposed within the 
reduced area section (Figure 5). Use of a consistent exposed area ensures a consistent amount 
of hydrogen is diffused into each specimen during charging. A firm fit was achieved between 
the chamber plug and the test specimen by using additional thread sealant where necessary. 
Care was taken to ensure that space was left for the potentiostat probes. 
 
Fig. 7.  Schematic of notched and verification specimens for use in hydrogen environments 
with a 10mm exposed area. Dimensions are not to scale. 
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3.3 Linearly Increasing Stress Testing (LIST) 
Mechanical Testing using LIST 
 
Fig. 8.  Schematic of LIST apparatus as adapted from Atrens et al. [10] 
 
The test specimen was increasingly stressed due to the displacement of the 14kg mass along 
the beam from the fulcrum. The mass was driven by a 30 or 3 revolution per hour 
synchronous motor providing either a medium or slow stress rate respectively. The stress rate 
is a function of the velocity of the mass along the beam and the cross sectional area of the 
specimen. For each test, the stress rate was calculated by equation 3. 
 σ̇ =
σ𝑓 − σ𝑖
𝑡𝑓
 
[3] 
Where: σ̇ = Stress rate (MPa/s), 𝑡𝑓 = Time to fracture (s), σ𝑓 = Fracture stress (MPa), 
σ𝑖 = Initial stress (MPa) 
To ensure that the beam remains horizontal, a servo-controller took information from the 
displacement transducer and tachometer to control the linear actuator through a DC motor 
[10]. 
For tests conducted in air, specimens were slightly pre-stressed at a mass displacement of 
12mm. This ensured that the specimen could be aligned to prevent torsional loading. For tests 
conducted at EZinc and ECorr, specimens required charging and prestressing as discussed below. 
The voltage was measured across the gauge section of the specimen due to a supplied 3A 
current for the potential drop technique (Section 3.4). Upon failure of the test specimen, the 
mass displacement ruler was used to determine the ultimate tensile stress using Equation 4 
obtained from previous LIST research [15].  
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𝑈𝑇𝑆 =
13720 ∗ d𝑓
A
 
[4] 
Where: d𝑓 = Distance to fracture (m), 𝐴 = Cross-sectional Area (m
3
) 
Failed samples were placed in sealed bags after being rinsed with water then ethanol and dried 
using compressed air. 
Specimen Charging 
Specimens to be tested in a sodium chloride solution, previously prepared in section 3.2, were 
loaded into the charging chamber as shown in Figure 9. A solution of 3.5%wt sodium 
chloride solution was prepared by weighing 3.5g of sodium chloride for every 96.5g of 
distilled water. This solution was filled to same reference point for each test as shown in 
Figure 9.  
 
Fig. 9.  Schematic of testing chamber for specimens tested in 3.5% sodium chloride solution. 
* Components only required for EZinc tests. 
Locking pins were inserted through the machined holes to secure the specimen into the LIST 
apparatus. A static stress equal to 20% of the yield stress of the material (as done in previous 
LIST testing [4, 9, 11] ) was applied by displacing the mass at a distance calculated using 
equation [5] which was the rearrangement of equation [4]. Using the material data from Table 
1 and the average sheet thickness, the starting mass displacement for MS1500 and MS1700 
was calculated to be 33mm and 40mm respectively. 
 
𝑑0(20%𝑌𝑆) =
0.2YS × A
13720
 
[5] 
Where: YS = Material Yield Stress (Pa), 𝐴 = Cross-sectional Area (m3) 
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A three electrode setup using a Gerhard Bank Elektronik potentiostat was used for tests 
conducted at Ezinc as shown in Figure 9 (components marked by an asterisk). In this setup, the 
test specimen was the working electrode and the counter electrode was graphite. The use of a 
graphite electrode as opposed to a platinum electrode is important as the latter have been seen 
to dissolve at a sufficient oxidizing potential [9].  A silver chloride electrode with saturated 
potassium chloride (Ag/AgCl/Sat. KCl) was used as the reference electrode. A negative 
potential of EZn= EAg/AgCl=-950mV was applied using the potentiostat. For tests conducted at 
ECorr, this equipment was not required. Both EZinc and ECorr Specimens were left to charge for 
24 hours before beginning the test as per previous hydrogen charged LIST [4, 9, 11].  
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3.4 Direct Current Potential Drop (DCPD) 
A 3A current was applied through the specimen using a Tekpower TP3005T DC power 
supply. Care was taken to ensure that the voltage applied was at a minimum (<1V was 
deemed appropriate from preliminary tests) to indicate a low resistance in the circuit; a high 
resistance was found to result in noisy data. Corrosion of the LIST mounting pins was 
identified as a large contributor to resistance in the circuit. Polishing the pins with 600 grit 
sand paper for each test ensured good electrical conductivity.  
A copper electrode strip was attached at both ends of the specimen close to the mounting pins. 
These copper electrodes were fed through the appropriate hardware to measure the voltage 
across the gauge section of the specimens. As with the mounting pins, the electrodes were 
polished with 600 grit sand paper on each test to remove corrosion and provide good electrical 
conductivity. National Instruments SignalExpress was used to measure the voltage over time 
as the linearly increasing stress was applied. Microsoft Excel was used to process the data 
using equation [6] below to convert the time axis to applied stress. The resulting data showed 
how the voltage changed as the stress increased. 
 σ(t) = σ̇ × 𝑡 + σ𝑖 [6] 
Where: σ̇ = Stress rate (MPa/s), 𝑡 = Time (s), σ𝑖 = Initial stress 
The DCPD technique [10] was then applied to identify the yield stress. This was obtained 
graphically by the transition of the slope as demonstrated by a typical potential drop curve 
such as in Figure 10.  
 
Fig. 10.  Potential drop vs the applied stress for MS1700 Verification specimen in 3.5%NaCl 
solution at ECorr at 30RPH. 
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3.5 Scanning Electron Microscope (SEM) Analysis 
Specimen Cutting 
To reduce the size of the specimens for compliance with the SEM, broken specimens were cut 
past the shoulder (See Figure 11) using a Struers Accutom-50 cut-off machine. A Struers 
50A15 cut-off wheel, suitable for use with hard ferrous metals, was used at a speed of 
3000RPM and a feed of 0.025mm/s. Struers Corrozip solution, which has anti-corrosion 
properties, was used as a coolant. 120grit sand paper was used for deburring the cut edge 
before the specimen was cleaned. A Retsch ultrasonic cleaner along with 1% Alconox 
solution was used for ten minutes to clean the specimens of dust and debris. Following 
ultrasonic cleaning, specimens were rinsed under water for 30 seconds before rinsing with 
ethanol and drying with compressed air. Specimens were placed in new zip-lock bags to 
remain clean and prevent corrosion. 
 
Fig. 11.  Schematic of cutting location for SEM compliance of fractured specimens 
 
SEM Imaging 
Cut and cleaned specimens were imaged using a Hitachi TM3030 tabletop microscope with 
an accelerating voltage of 15kV. Clean gloves were used whenever specimen handling was 
required to prevent dust contamination. All specimens were mounted using double sided 
conductive carbon tape. Measurements obtained from SEM imaging were used for reduced 
area calculations.  
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4.0 Results 
4.1 Confirmation of Manufacturing Tolerances 
The calculation of strength characteristics was reliant on manufacturing accuracy. To confirm 
that the geometric features from details A and B (Figures 5 and 6 respectively) matched the 
designed drawings from section 3.1, two notched and verification specimens made from 
MS1500 were loaded in the scanning electron microscope (SEM) to be viewed from the 
transverse side. An average was taken between the two specimens to identify the approximate 
error between the desired and actual value. SEM photos are provided in Appendix E1. 
Table 2: SEM measured geometric features of machined specimens. 
Geometric 
Value 
Desired 
Width 
Tolerance 
Measured Value 
Error 
Specimen 1 Specimen 2 Average 
Notched Specimens 
Minimum 
Width 
1.5mm ±0.025mm 1.598mm 1.609mm 1.603mm +0.103mm 
Maximum 
Width 
2.5mm ±0.025mm 2.456mm 2.459mm 2.458mm -0.043mm 
Top Root 
Radius 
0.125mm ±0.01mm 0.173mm 0.195mm 0.184mm +0.059mm 
Bottom Root 
Radius 
0.125mm ±0.01mm 0.163mm 0.170mm 0.167mm +0.042mm 
Top Angle 60° ±0.5°† 65.477° 65.293° 65.385° +5.385° 
Bottom Angle 60° ±0.5°† 61.478° 63.685° 62.582° +2.582° 
Verification Specimens 
Minimum 
Width 
1.5mm ±0.025mm 1.458mm 1.447mm 1.452mm -0.048mm 
Maximum 
Width 
2.5mm ±0.025mm OR OR - - 
Top Angle 45° ±0.5°† 41.242° 42.742° 41.992° -3.008° 
Bottom Angle 45° ±0.5°† 44.234° 43.964° 44.099° -0.901° 
† Tolerance not provided in design drawings. Value was sourced from ASTM E292. OR: Geometric value 
outside SEM photo.  
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4.3 SEM Analysis 
4.3.1 Typical Fracture Location  
Fracture in notched specimens occurred between the notch root radiuses as exemplified by 
Figure 12A. For verification specimens, fracture occurred in the middle of the reduced area 
section (Figure 6B) when ductile cup-cone fracture was seen (Figure 12B). However, when a 
specimen was sufficiently embrittled by dissolved hydrogen, fracture occurred at the corners 
of the reduced section where a localized stress concentration exists. Figure 12C demonstrated 
this occurrence where fracture ultimately occurred at the top corner but a crack is seen to 
begin propagating at the bottom corner. 
   
  
 
Fig. 12.  [A] MS1700 Notched in Air @ 30RPH, [B] MS1700 Verification in Air @ 30RPH, 
[C] MS1700 Verification in 3.5%wt NaCl at EZinc @ 30RPH 
A 
B 
C 
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4.3.2 MS1500 tested at 30RPH 
Top View Comparison 
 MS1500 Notched MS1500 Verfication 
[i] 
 
 
 
 
[ii] 
  
[iii] 
  
Fig. 13.  SEM images of MS1500 specimens tested at 30RPH in [i] Air, [ii] 3.5%wt NaCl at 
ECorr , [iii] 3.5%wt NaCl at EZinc. Strength data from LIST is displayed to show how 
the ultimate tensile strength (UTS) changed. Trials with the lowest strength were 
chosen for each condition to represent the worst case scenario. Variance between trials 
is discussed further in the report. All trials are shown in Appendix D3.2. 
  
A: Air Trial #1 – UTS=1990MPa 
B: ECorr Trial #2 – UTS=1960MPa 
C: EZinc Trial #3 – UTS=1470MPa 
D: Air Trial #1 – UTS=1578MPa 
E: ECorr Trial #1 – UTS=1579MPa 
F: EZinc Trial #1 – UTS=1578MPa 
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Notched Specimens 
MS1500 Notched at 30RPH  – Air Trial #1 
 
 
  
Fig. 14.  SEM images of MS1500 Notched specimen at 30RPH in air. Specimen displayed is 
trial #1, however trial #2 showed the same fracture (See Appendix D3.2). Fracture 
initiated at the (C) zone which showed round MVC dimples as seen in figure B. 
Arrows represent fracture propagation direction in a region of elliptical MVC dimples 
seen in figure C in the shear region (S).  
 
A 
B C 
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MS1500 Notched at 30RPH  – ECorr Trial #2 
  
 
   
Fig. 15.  SEM images of MS1500 Notched specimen at 30RPH in 3.5%wt NaCl at Ecorr. 
Specimen displayed is trial #2, however trial #1 showed the same fracture (See 
Appendix D3.2). A brittle zone (Br) exhibiting quasi-cleavage fracture shown in figure 
B was the intiation site occuring along the notch root tip. MVC dimples were once 
again seen in the (C) zone. Arrows represent fracture propagation direction in a region 
of elliptical MVC dimples seen in figure C in the shear region (S).  
  
A 
B C 
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MS1500 Notched at 30RPH  – EZinc Trial #1 
  
 
  
  
Fig. 16.  SEM images of MS1500 Notched specimen at 30RPH in 3.5%wt NaCl at Ezinc. 
Specimen displayed is trial #1, where trial #2 showed a different fracture type (See 
Figure ?? Below). A brittle zone (Br) exhibiting quasi-cleavage fracture shown in 
figure B at the edge of specimen was the intiation site occuring along the notch root 
tip. MVC dimples were once again seen in the (C) zone. Arrows represent fracture 
propagation direction in a region of elliptical MVC dimples seen in figure C in the 
shear region (S).  
A 
B C 
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MS1500 Notched at 30RPH  – EZinc Trial #3 
  
 
  
  
Fig. 17.  SEM images of MS1500 Notched specimen at 30RPH in 3.5%wt NaCl at Ezinc. 
Specimen displayed is trial #3. A brittle zone (Br) exhibiting quasi-cleavage and 
intergranular fracture shown in figure B was the intiation site starting at the notch root 
tip. MVC dimples showin in figure C were once again seen in the (C) zone. Arrows 
represent fracture propagation direction in a region of elliptical MVC dimples in the 
shear region (S). 
  
A 
B C 
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Verification Specimens 
MS1500 Verification at 30RPH  – Air Trial #1 
 
 
   
Fig. 18.  SEM images of MS1500 verification specimen at 30RPH in air. Specimen displayed is 
trial #1, but all verification specimens showed the same cup-cone fracture, with the 
exception of Ecorr  (See Figure 12 and Appendix D3.2). Fracture initiated at the (C) 
zone which showed round MVC dimples as seen in figure B. Arrows represent 
fracture propagation direction in a region of small MVC dimples seen in figure C in 
the shear lip region (S).  
A 
B C 
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MS1500 Verification at 30RPH  – ECorr Trial #1 
 
 
  
Fig. 19.  SEM images of MS1500 verification specimen at 30RPH in 3.5%wt NaCl at ECorr. 
Specimen displayed is trial #1, but trial #2 and trials tested at EZinc showed a similar 
fracture with the same features (See Appendix D3.2). The (C) zone which showed 
round MVC dimples was present as in other verification specimens, but a crack was 
observed as seen in figure B. Arrows represent fracture propagation direction in a 
region of elliptical MVC dimples seen in figure C in the shear lip region (S).  
A 
B C 
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4.3.3 MS1700 tested at 30RPH 
Top View Comparison 
 MS1700 Notched MS1700 Verfication 
[i] 
 
 
 
 
[ii] 
   
[iii] 
   
Fig. 20.  SEM images of MS1500 specimens tested at 30RPH in [i] Air, [ii] 3.5%wt NaCl at 
ECorr , [iii] 3.5%wt NaCl at EZinc. Strength data from LIST is displayed to show how 
the ultimate tensile strength (UTS) changed. Trials with the lowest strength were 
chosen for each condition to represent the worst case scenario. Variance between trials 
is discussed further in the report. All trials are shown in Appendix D3.3. 
  
A: Air Trial #1 – UTS=2214MPa 
B: ECorr Trial #1 – UTS=1988MPa 
C: EZinc Trial #3 – UTS=898MPa 
D: Air Trial #1 – UTS=1790MPa 
E: ECorr Trial #2 – UTS=1781MPa 
F: EZinc Trial #1 – UTS=979MPa 
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Notched Specimens 
MS1700 Notched at 30RPH  – Air Trial #1 
 
 
   
Fig. 21.  SEM images of MS1700 Notched specimen at 30RPH in air. Specimen displayed is 
trial #1. Fracture initiated at the (C) zone which showed round MVC dimples as seen 
in figure B. Arrows represent fracture propagation direction in a region of smaller 
MVC dimples seen in figure C in the shear region (S).  
 
A 
B C 
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MS1700 Notched at 30RPH  – ECorr Trial #1 
 
 
   
Fig. 22.  SEM images of MS1700 Notched specimen at 30RPH in 3.5%wt NaCl at ECorr. 
Specimen displayed is trial #1. Several brittle fracture zones (Br) were examined along 
the notch root tips with quasi-cleavage and intergranular fracture occuring as seen in 
figure B. Fracture changed to MVC as demonstrated by (C) regions. Arrows represent 
fracture propagation direction in a region of smaller MVC dimples in the shear region 
(S). A glassy-like brittle fracture feature unlike that seen in (Br) was seen at (d) as 
shown in figure C. 
 
A 
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MS1700 Notched at 30RPH  – ECorr Trial #2 
 
 
   
Fig. 23.  SEM images of MS1700 Notched specimen at 30RPH in 3.5%wt NaCl at ECorr. 
Specimen displayed is trial #2. Brittle fracture zones (Br) were examined along the 
notch root tips with quasi-cleavage and intergranular fracture occuring as seen in 
figure B. Quasi-cleavage fracture was mostly seen on the right side of the sample as 
shown in figure C in the (Br) region. Fracture changed to MVC as demonstrated by 
(C) regions. Arrows represent fracture propagation direction in a region of smaller 
MVC dimples in the shear region (S). 
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MS1700 Notched at 30RPH  – ECorr Trial #3 
 
 
  
Fig. 24.  SEM images of MS1700 Notched specimen at 30RPH in 3.5%wt NaCl at ECorr. 
Specimen displayed is trial #3. Brittle fracture zones (Br) were examined along the 
notch root tips with quasi-cleavage and intergranular fracture occuring as seen in 
figure B. Fracture changed to MVC as demonstrated by (C) regions. Arrows represent 
fracture propagation direction in a region of smaller MVC dimples in the shear region 
(S). A crack was seen as shown in figure B surrounded by MVC dimples. 
  
A 
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MS1700 Notched at 30RPH  – EZinc Trial #1 
 
 
 
  
Fig. 25.  SEM images of MS1700 Notched specimen at 30RPH in 3.5%wt NaCl at EZinc. 
Specimen displayed is trial #1. Brittle fracture zones (Br) were examined along the 
notch root tips at at a corner with quasi-cleavage and intergranular fracture occuring as 
seen in figure B. Fracture changed to MVC as demonstrated by (C) regions. Arrows 
represent fracture propagation direction in a region of smaller MVC dimples in the 
shear region (S).  
 
A 
B C 
Page 38 of 66 
 
MS1700 Notched at 30RPH  – EZinc Trial #2 
 
 
  
Fig. 26.  SEM images of MS1700 Notched specimen at 30RPH in 3.5%wt NaCl at EZinc. 
Specimen displayed is trial #2. A brittle fracture zone (Br) was examined on the left 
side starting from the notch root tip with quasi-cleavage and intergranular fracture 
occuring as seen in figure B. Fracture changed to MVC as demonstrated by the (C) 
region. Arrows represent fracture propagation direction in a region of smaller MVC 
dimples in the shear region (S). Surface corrosion was seen at the left side of the 
sample from leaving it in NaCl solution too long. 
 
A 
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MS1700 Notched at 30RPH  – EZinc Trial #3 
 
 
  
Fig. 27.  SEM images of MS1700 Notched specimen at 30RPH in 3.5%wt NaCl at EZinc. 
Specimen displayed is trial #3. A brittle fracture zone (Br) was examined on the left 
side starting from the notch root tip with quasi-cleavage and intergranular fracture 
occuring as seen in figure B. Fracture changed to MVC as demonstrated by the (C) 
region. Arrows represent fracture propagation direction in a region of smaller MVC 
dimples in the shear region (S). Surface corrosion was observed over the fracture 
surface from leaving the sample in solution too long. 
 
A 
B C 
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Verification Specimens 
MS1700 Verification at 30RPH  – Air Trial #1 
 
 
  
Fig. 28.  SEM images of MS1700 Verification specimen at 30RPH in air. Specimen displayed 
is trial #1 which showed a typical cup-cone fracture. Fracture initiated at the (C) zone 
which showed round MVC dimples as seen in figure B. Arrows represent fracture 
propagation direction in a region of smaller MVC dimples seen in figure C in the 
shear lip region (S).  
 
A 
B C 
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MS1700 Verification at 30RPH  – ECorr Trial #2 
 
 
   
Fig. 29.  SEM images of MS1700 Verification specimen at 30RPH in 3.5%wt NaCl at ECorr. 
Specimen displayed is trial #2 however trial #3 showed the same features with a 
similar fracture (See Appendix D3.3). No SEM photos were taken of trial #1 as it 
failed to break. Fracture occurred in cup-cone fashion where it was initiated at the (C) 
zone which showed round MVC dimples as seen in figure B. Arrows represent 
fracture propagation direction in a region of smaller MVC dimples seen in figure C 
and B in the shear region (S). MVC dimples went to the edge. 
A 
B C 
C S 
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MS1700 Verification at 30RPH  – EZinc Trial #1 
 
 
 
  
Fig. 30.  SEM images of MS1700 Verification specimen at 30RPH in 3.5%wt NaCl at EZinc. 
Specimen displayed is trial #1. Fracture begun at the left as intergranular and quasi-
cleaverage fracture shown by zone (Br) and illustrated in figure B. Larger MVC 
dimples were observed at the (C) zone compared to the smaller MVC dimples in the 
(S) zone. Arrows represent fracture propagation direction. Secondary cracking was 
observed in the (Br) zone shown by the yellow lines and magnified in figure C. 
  
A 
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MS1700 Verification at 30RPH  – EZinc Trial #2 
 
 
 
  
Fig. 31.  SEM images of MS1700 Verification specimen at 30RPH in 3.5%wt NaCl at EZinc. 
Specimen displayed is trial #2 which showed a typical cup-cone fracture. Fracture 
initiated at the (C) zone which showed larger round MVC dimples as seen in figure B. 
Arrows represent fracture propagation direction in a region of smaller MVC dimples 
seen in figure C in the shear lip region (S).  
 
  
A 
B C 
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4.3.4 MS1500 tested at 3RPH 
Top View Comparison 
 MS1500 Notched MS1500 Verfication 
[i] 
 
 
 
 
[ii] 
  
[iii] 
  
Fig. 32.  SEM images of MS1500 specimens tested in [i] Air @ 30RPH, [ii] 3.5%wt NaCl at 
ECorr  @ 3RPH, [iii] 3.5%wt NaCl at EZinc @ 3RPH. Strength data from LIST is 
displayed to show how the ultimate tensile strength (UTS) changed. NB: Only 1 trial 
was taken for 3RPH due to time constraints. 
  
A: Air Trial #1 @ 30RPH – UTS=1990MPa 
B: ECorr @ 3RPH – UTS=1903MPa 
C: EZinc @ 3RPH – UTS=1035MPa 
D: Air Trial #1 @ 30RPH  – UTS=1578MPa 
E: ECorr @ 3RPH – UTS=1510MPa 
F: EZinc @ 3RPH – UTS=1268MPa 
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Notched Specimens 
MS1500 Notched at 3RPH  – ECorr 
 
 
   
Fig. 33.  SEM images of MS1500 Notched specimen at 3RPH in 3.5%wt NaCl at ECorr. A 
brittle fracture (Br) was observed at both notch root tips showing a combination of 
intergranular and quasi-cleavage fracture as seen in figure B. The (C) zone showed 
round MVC dimples. Arrows represent fracture propagation direction in a region of 
smaller MVC dimples seen in figure C in the shear region (S). A brittle zone was also 
identified at the top of the sample showing transgranular fracture as seen in figure C. 
A 
B C 
Br 
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MS1500 Notched at 3RPH  – EZinc 
 
 
 
 
 
 
Fig. 34.  SEM images of MS1500 Notched specimen at 3RPH in 3.5%wt NaCl at EZinc. A 
brittle fracture (Br) was observed at both notch root tips. The right side (Br) zone 
showed a combination of intergranular and quasi-cleavage fracture as seen in figure C. 
The left side (Br) zone showed quasi-cleavage fracture. The (C) zone showed round 
MVC dimples. Arrows represent fracture propagation direction in a region of smaller 
MVC dimples seen in figure C in the shear region (S). A brittle zone was also 
identified at the top of the sample showing transgranular fracture as seen in figure C. 
 
A 
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Verification Specimens 
MS1500 Verification at 3RPH  – ECorr 
 
 
 
  
Fig. 35.  SEM images of MS1500 Verification specimen at 3RPH in 3.5%wt NaCl at ECorr. A 
brittle fracture (Br) was observed on the right showing a combination of intergranular 
and quasi-cleavage fracture as seen in figure C. Arrows represent fracture propagation 
direction in a region of MVC dimples seen in figure B in the shear region (S). Two 
cracks were seen in the MVC dimple region also seen in figure B. 
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MS1500 Verification at 3RPH  – EZinc 
 
 
 
  
Fig. 36.  SEM images of MS1500 Verification specimen at 3RPH in 3.5%wt NaCl at EZinc. A 
brittle fracture (Br) was observed on the right showing a combination of intergranular 
and quasi-cleavage fracture as seen in figure C. The (C) zone showed large MVC 
dimples propagating from the (Br) zone. Arrows represent fracture propagation 
direction in a region of elongated MVC dimples in the shear region (S).  
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4.3.5 MS1700 tested at 3RPH 
Top View Comparison 
 MS1700 Notched MS1700 Verfication 
[i] 
 
 
 
 
[ii] 
  
[iii] 
  
Fig. 37.  SEM images of MS1700 specimens tested in [i] Air @ 30RPH, [ii] 3.5%wt NaCl at 
ECorr  @ 3RPH, [iii] 3.5%wt NaCl at EZinc @ 3RPH. Strength data from LIST is 
displayed to show how the ultimate tensile strength (UTS) changed. NB: Only 1 trial 
was taken for 3RPH due to time constraints. 
 
  
A: Air Trial #1 @ 30RPH – UTS=2214MPa 
B: ECorr @ 3RPH – UTS=1169MPa 
C: EZinc @ 3RPH – UTS=1457MPa 
D: Air Trial #1 @ 30RPH  – UTS=1790MPa 
E: ECorr @ 3RPH – UTS=1413MPa 
F: EZinc @ 3RPH – UTS=1339MPa 
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Notched Specimens 
MS1700 Notched at 3RPH  – ECorr Trial #1 
 
 
   
Fig. 38.  SEM images of MS1700 Notched specimen at 3RPH in 3.5%wt NaCl at ECorr. This is 
trial #1 where trial #2 showed similar features (Appendix D3.5). A brittle fracture (Br) 
zone at the right notch root tip showing a combination of intergranular and quasi-
cleavage fracture as seen in figure C. The (C) zone showed round MVC dimples and 
arrows represent fracture propagation direction in a region of smaller MVC dimples. A 
brittle zone was also identified at the left notch root tip as seen in figure B. 
A 
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MS1700 Notched at 3RPH  – EZinc 
 
 
 
 
 
Fig. 39.  SEM images of MS1700 Notched specimen at 3RPH in 3.5%wt NaCl at EZinc. A 
brittle fracture (Br) was observed at both notch root tips showing a combination of 
intergranular and quasi-cleavage fracture as seen in figure B. The (C) zone showed 
round MVC dimples. Arrows represent fracture propagation direction in a region of 
smaller MVC dimples seen in figure C in the shear region (S).  
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Verification Specimens 
MS1700 Verification at 3RPH  – ECorr 
 
 
 
  
Fig. 40.  SEM images of MS1700 Verification specimen at 3RPH in 3.5%wt NaCl at ECorr. A 
brittle fracture (Br) was observed at both notch root tips showing a combination of 
intergranular and quasi-cleavage fracture as seen in figure B. Arrows represent 
fracture propagation direction in a region of MVC dimples seen in figure C in the 
shear region (S).  
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MS1700 Verification at 3RPH  – EZinc 
 
 
  
Fig. 41.  SEM images of MS1700 Verification specimen at 3RPH in 3.5%wt NaCl at EZinc. A 
brittle fracture (Br) was observed on the left showing a combination of intergranular 
and quasi-cleavage fracture as seen in figure B. The (C) zone showed large MVC 
dimples propagating from the (Br) zone. Arrows represent fracture propagation 
direction in a region of elongated MVC dimples in the shear region (S).  
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4.4 Potential Drop 
Potential drop curves were used to identify the yield stress for the tests conducted. These 
curves have been included as Appendix D4. All relevant yield stress data was applied to 
tabulated data below in section 4.5. Significant noise was encountered in some graphs which 
made determination of the yield stress impossible or difficult.   
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4.5 Tabulated Mechanical Data 
Table 3: Tabulated LIST data for MS1700 Notched tested under automotive service conditions 
Specimen Motor 
Speed 
(RPH) 
Trial 
# 
Stress 
Rate 
(MPa/s) 
Yield 
Strength 
(MPa) ± 
5MPa  
Ultimate 
Tensile 
Strength 
(MPa) ± 
2MPa 
Area 
Reduction 
% 
Hydrogen 
Embrittlement 
Index Fractography Remarks 
Material Environment I SUTS 
MS1700 
Notched 
Air 30 
1 0.0850^ NP 2214 15 - - Figure 21  
2 0.0850 1906 2266 NP - - NP 
Retest for 
DCPD data 
3.5% NaCl at 
ECorr 
30 
1 0.0825 1843 1988 3 80 11 Figure 22  
2 0.0844 2130 2185 11 27 2 Figure 23  
3 0.0836 2026 2158 2 87 4 Figure 24  
3 
1 0.0083 1114 1169 2 87 48 Figure 38  
2 0.0084 1143 1187 0 100 47 Appendix D3.5  
3.5% NaCl at 
EZinc 
30 
1 0.0835 1934 2014 2 87 10 Figure 25  
2 0.0838 966 1147 1 93 49 Figure 26  
3 0.0832 794 898 0 100 60 Figure 27  
3 1 0.0085 NS 1457 -1 100 35 Figure 39  
 
^Stress Rate Approximated by other trial, NP: DCPD or SEM not obtained, NS: Excessive noise on DCPD, YS unable to be determined, * No yield stress on DCPD 
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Table 4: Tabulated LIST data for MS1700 Verification tested under automotive service conditions 
Specimen Motor 
Speed 
(RPH) 
Trial 
# 
Stress 
Rate 
(MPa/s) 
Yield 
Strength 
(MPa) ± 
5MPa  
Ultimate 
Tensile 
Strength 
(MPa) ± 
2MPa 
Area 
Reduction 
% 
Hydrogen 
Embrittlement 
Index Fractography Remarks 
Material Environment I SUTS 
MS1700 
Verification 
Air 30 
1 0.0818^ NP 1790 49 - - Figure 28  
2 0.0818 1506 1789 NP - - NP  
3.5% NaCl at 
ECorr 
30 
1 0.0867 1699 1837 NP NP 0 NP Did not Break 
2 0.0848 1698 1781 50 0 0 Figure 29  
3 0.0839 1731 1805 49 0 0 Appendix D3.3  
3 1 0.0085 * 1413 2 96 21 Figure 40  
3.5% NaCl at 
EZinc 
30 
1 0.0835 * 979 11 78 45 Figure 30  
2 0.0845 1637 1813 50 0 0 Figure 31  
3 1 0.0086 * 1339 5 90 25 Figure 41  
 
^Stress Rate Approximated by other trial, NP: DCPD or SEM not obtained, NS: Excessive noise on DCPD, YS unable to be determined, * No yield stress on DCPD 
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Table 5: Tabulated LIST data for MS1500 Notched tested under automotive service conditions 
Specimen Motor 
Speed 
(RPH) 
Trial 
# 
Stress 
Rate 
(MPa/s) 
Yield 
Strength 
(MPa) ± 
5MPa  
Ultimate 
Tensile 
Strength 
(MPa) ± 
2MPa 
Area 
Reduction 
% 
Hydrogen 
Embrittlement 
Index Fractography Remarks 
Material Environment I SUTS 
MS1500 
Notched 
Air 30 
1 0.0834 NS 1990 18 - - Figure 14  
2 0.0835 1621 1950 21 - - Appendix D3.2  
3.5% NaCl at 
ECorr 
30 
1 - - - - - - - Failed Set-up 
2 0.0801 1902 1960 15 23 1 Figure 15  
3 0.0867 1894 1962 13 33 1 Appendix D3.2  
3 1 0.0086 1820 1903 8 59 3 Figure 33  
3.5% NaCl at 
EZinc 
30 
1 0.0828 1752 1901 19 3 4 Figure 16  
2 0.0884 1486 1594 NP - 19 NP 
Dissolved after 
fracture 
3 0.0859 1271 1470 3 85 25 Figure 17  
3 1 0.0083 * 1035 2 90 47 Figure 34  
 
^Stress Rate Approximated by other trial, NP: DCPD or SEM not obtained, NS: Excessive noise on DCPD, YS unable to be determined, * No yield stress on DCPD 
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Table 6: Tabulated LIST data for MS1500 Verification tested under automotive service conditions 
Specimen Motor 
Speed 
(RPH) 
Trial 
# 
Stress 
Rate 
(MPa/s) 
Yield 
Strength 
(MPa) ± 
5MPa  
Ultimate 
Tensile 
Strength 
(MPa) ± 
2MPa 
Area 
Reduction 
% 
Hydrogen 
Embrittlement 
Index Fractography Remarks 
Material Environment I SUTS 
MS1500 
Verification 
Air 30 
1 0.0794 1369 1578 46 - - Figure 18  
2 0.0796 1334 1585 47 - - Appendix D3.2  
3.5% NaCl at 
ECorr 
30 
1 0.0857^ NS 1579 49 0 0 Figure 19  
2 0.0857 1311 1590 45 3 0 Appendix D3.2  
3 1 0.0085 NS 1511 11 76 4 Figure 35  
3.5% NaCl at 
EZinc 
30 
1 0.0788 NS 1578 51 0 0 Appendix D3.2  
2 0.0803 1370 1568 50 0 1 Appendix D3.2  
3 1 0.0080 NS 1268 19 59 20 Figure 36  
 
^Stress Rate Approximated by other trial, NP: DCPD or SEM not obtained, NS: Excessive noise on DCPD, YS unable to be determined, * No yield stress on DCPD 
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5.0 Discussion 
5.1 Manufacturing Tolerances 
The required tolerances for manufacturing notched specimens were set by ASTM E292 [27]. 
These tolerances were not met by the company responsible for conducting EDM. Although 
the thickness of specimens was measured with digital callipers, the distance between notch 
tips was assumed to be the designed value. This error of the distance between notch tips 
would have propagated through the data as stress calculations were reliant on an accurate 
cross sectional area. Furthermore, the notch root radius was also found to be outside of 
desired tolerances. As a result, the notch root tips were consistently found to be greater than 
desired, resulting in a lower stress concentration factor than the desired value of Kt=3.1. For 
the verification specimens, similar deviations from the desired tolerances were seen. It is 
recommended that the manufacturing tolerances are tested in future research before 
conducting LIST. The company manufacturing the specimens has a responsibility to meet 
design tolerances.  
5.2 LIST of MS Steels 
Although results were obtained for a medium and slow stress rate, repeats were unable to be 
done for the slow stress rate tests due to time limitations. Conditions at medium stress rates 
(~0.08MPa/s) were tested 2-3 times depending on variance in the results. Where results 
showed large variance, a 3
rd
 trial was conducted. Variance was only seen between trials when 
testing at EZinc (See Sections 5.3-5.6). The cause of such variance is inconclusive but 
apparatus set-up is suspected. SEM images of trials that showed little UTS reduction at EZinc 
had fracture features similar to less severe hydrogen conditions (ECorr and air).  
Notched specimens tested in air were observed to have a higher UTS than verification 
specimens in air due to notch strengthening (Section 2.6). 
Corrosion of the locking pins for the test specimens caused poor electrical conductivity for the 
DCPD apparatus. Noise was found on many potential drop graphs, making it difficult to 
determine yield stresses. Analysis of hydrogen sensitivity was thus focused on UTS, fast 
fracture features and area reduction. It is recommended that electrical connection from the 
power supply to the test sample should be supplied through electrical wires with alligator 
clamps to eliminate this issue.  
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5.3 LIST of MS1500 Notched Specimens 
 
Fig. 42.  Fracture Stress of MS1500 Notched specimens under automotive service conditions. 
 
For tests conducted at the medium stress rate of ~0.08MPa/s, insignificant UTS change was 
observed between tests in air and at ECorr. Figures 14 and 15 showed the respective SEM 
image, which indicated a small zone of quasi-cleavage fracture at the notch tips when testing 
at ECorr which was absent in air. A slightly reduced area reduction percentage was calculated 
(Table 5), indicating a potential reduction of ductility without a significant change in UTS. 
But with known errors existing in the manufacturing tolerances and an already small observed 
area reduction for tests in air, this is largely inconclusive. 
Variance in UTS between trials was observed at EZinc at the medium stress rate as seen in Fig 
42. Trial 3 at EZinc had the lowest fracture stress where the SEM image (Figure 17) showed a 
large brittle zone propagating away from the right notch root. This zone exhibited 
intergranular and quasi-cleavage fracture. In comparison, Trial 1 at EZinc had a UTS and SEM 
image (Figure 16) similar to air and ECorr tests. Such a variance in fast fracture modes and 
UTS under the same conditions was deemed unusual. 
Tests conducted at the slow stress rate of ~0.008MPa/s showed very little area reduction 
(Table 5). At ECorr, the UTS was marginally affected by hydrogen compared to air tests, but 
ductility was significantly reduced. The ductility reduction was due to intergranular and quasi-
cleavage fractures occurring at notch root tips (Figure 33) similar to at the medium test speed 
but to a greater extent. Slow stress rates at EZinc demonstrated the lowest UTS as shown in 
figure 42. A large brittle zone with the same intergranular and quasi-cleavage fracture was 
observed beginning at the right notch root (Figure 34). With half of the fracture surface 
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demonstrating brittle fracture, almost no elongation was observed. This showed that the EZinc 
at the slow stress rate showed the greatest hydrogen sensitivity. 
5.4 MS1500 Verification Specimens 
 
Fig. 43.  Fracture Stress of MS1500 Verification specimens under automotive service 
conditions. 
Tests conducted at the medium stress rate of ~0.08MPa/s showed consistent fractures at a 
stress that agrees with literature (Table 1) as shown in Fig 43. No change in UTS was 
observed between the different conditions at this test rate. The area reduction percentage was 
not observed to change between conditions as indicated by the index 𝐼. SEM images 
confirmed similar ductility as all fractures occurred in a ductile cup-cone fashion (Figures 
18,19). Secondary cracks were observed in these images but did not result in any measurable 
effect.  
When tests were conducted at the slow stress rate of ~0.008MPa/s, fracture occurred at lower 
stresses compared to air tests. SEM images (Figures 35, 36) showed fracture occurring at 
sharp edges of the specimen (Figure 12C) where a stress concentration exists. Brittle fracture 
with intergranular and quasi-cleavage fracture was observed at both ECorr and EZinc. A high 
hydrogen embrittlement index 𝐼 was observed for both conditions showing a reduction of 
ductility. However, the alternative hydrogen embrittlement index 𝑆𝑈𝑇𝑆 based on the UTS, 
only observed a significant impact for the test at EZinc.  
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5.5 MS1700 Notched Specimens 
 
Fig. 44.  Fracture Stress of MS1700 Notched specimens under automotive service conditions. 
Tests conducted on notched MS1700 specimens showed that at stress rates of ~0.08MPa/s, 
hydrogen effects are encountered in both conditions at ECorr and EZinc. Similar to MS1500 
notched specimens, the area reduction percentage was observed to be low for air tests. All 
tests showed high hydrogen embrittlement indexes of 𝐼 but low 𝑆𝑈𝑇𝑆 indexes. Detecting small 
changes in area reduction is difficult due to the identified errors. However, SEM images 
(Figures 22-27) showed brittle regions of intergranular and quasi-cleavage fracture, indicating 
embrittlement from hydrogen. As the 𝑆𝑈𝑇𝑆 index was low, embrittlement occurred without 
significantly impacting the strength. Variance was once again observed between trials at EZinc. 
Trial 1 at EZinc showed the highest UTS where the SEM images (Figure 25) appeared similar 
to tests conducted at ECorr. Trial 2 and 3 at EZinc showed large embrittled regions that 
dominated most of the fracture surface (Figures 26, 27). These trials showed both a large 
decrease in UTS and reduced area percentage. 
At the slow stress rate of ~0.008MPa/s, two ECorr tests were conducted that obtained the same 
fracture surface and the same UTS. The fracture modes observed were similar for where tests 
that showed both a significant reduction of UTS and ductility. It was not expected that EZinc 
would fracture at a higher UTS than ECorr at the slow stress rate. Due to the variance seen with 
EZinc at medium stress rates, more tests under this condition may potentially reveal greater 
hydrogen sensitivity. 
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5.6 MS1700 Verification Specimens 
 
Fig. 45.  Fracture Stress of MS1700 Verification specimens under automotive service 
conditions. 
Tests at the medium stress rate of ~0.08MPa/s showed little change of UTS between air and 
ECorr. Both hydrogen embrittlement indexes indicated no effect (Table 4) and SEM images 
(Figures 28, 29) showed similar fracture modes under cup-cone fracture. Secondary cracks 
were once again observed in charged conditions, but with no detectable impact to UTS or area 
reduction percentage. Similar to other tests, EZinc tests showed a big variance in UTS. Cup-
cone fracture occurred for trial 2 when the UTS was the highest. Trial 1 at EZinc showed brittle 
fracture occurring at the sharp edge of the specimen shown in figure 6B where a stress 
concentration is present. 
At slow stress rates (~0.008MPa/s), tests at ECorr and EZinc showed a reduction of UTS and 
area reduction percentage. Brittle features were observed on the SEM images (Figure 40, 41) 
and fracture once again occurred at the sharp edges of figure 6B.  
5.7 Hydrogen Embrittlement Index 
It was observed in sections 5.3 and 5.5 that small area reductions (<20%) were observed for 
tests in air. With small area reductions, a great deal of experimental accuracy is required. 
Since some tests showed significant ductility loss with minimal change to strength, a 
hydrogen embrittlement index using the UTS alone is not sufficient to describe hydrogen 
sensitivity. Both indexes have meaningful applications. Engineers should use an index 
relevant to their design requirements. Care must be taken when calculating the index 𝐼 for 
notched specimens due to the small changes in area reduction between hydrogen conditions.  
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6.0 Conclusion 
The conclusions of this paper can be summarised as follows: 
 Notched specimens of MS1500 and MS1700 showed hydrogen embrittlement by the 
presence of brittle zones of intergranular and quasi-cleavage fracture beginning at notch 
root tips (the location of stress concentration) at some conditions where smooth specimens 
did not. This embrittled zone did not always cause a significant change in UTS or YS. 
 Under slow stress rates (~0.008MPa/s), both MS1500 and MS1700 showed effects of 
hydrogen embrittlement under simulated automotive service conditions. Under these 
conditions, hydrogen embrittlement was greatest on (i) the higher strength MS1700 and 
(ii) notched specimens. 
 Martensitic notched specimens tested in air had small area reduction percentages. This 
made the hydrogen embrittlement index 𝐼 more sensitive to experimental inaccuracies. 
Care must be taken when using this index for notched specimens. 
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Appendix A1 
 
Chemical Composition of select martensitic steels including MS1500 and MS1700 [2] 
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Appendix C1 
 
Typical LIST test specimen provided by Dr Jeffrey Venezuela. 
 
Appendix C2 
 
Example test specimen provided with thesis project description by Professor Andrej Atrens. 
 
Appendix C3 
 
Barrata and Neal (1970) equation for predicting stress concentration factor for opposite U-
shaped notches.  
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Appendix D3.2 
MS1500 Notched Specimens at 30RPH 
[i] 
 
 
 
 
[ii] 
  
[iii] 
  
SEM images of MS1500 notched specimens tested at 30RPH in [i] Air, [ii] 3.5%wt NaCl at 
ECorr , [iii] 3.5%wt NaCl at EZinc.  
  
Air Trial #1 
ECorr Trial #1  
EZinc Trial #1 
Air Trial #2 
 
ECorr Trial #2 
EZinc Trial #3 
Appendix Page 4 of 20 
 
MS1500 Verification Specimens at 30RPH 
[i] 
 
  
 
 
[ii] 
  
[iii] 
  
SEM images of MS1500 verification specimens tested at 30RPH in [i] Air, [ii] 3.5%wt NaCl 
at ECorr , [iii] 3.5%wt NaCl at EZinc.  
  
Air Trial #1 
ECorr Trial #1  
EZinc Trial #1 
Air Trial #2 
 
ECorr Trial #2 
EZinc Trial #3 
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Appendix D3.3 
MS1700 Notched Specimens at 30RPH 
 
  
 
 
  
  
Air Trial #1 ECorr Trial #1  
EZinc Trial #1 
ECorr Trial #2 
EZinc Trial #2 
ECorr Trial #3 
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MS1700 Verification Specimens at 30RPH 
 
  
 
 
  
EZinc Trial #3 
Air Trial #1 ECorr Trial #2  
ECorr Trial #3 EZinc Trial #1 
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Appendix D3.5 
The SEM image for MS1700 Notched at 3RPH in 3.5%wt NaCl at ECorr for trial 2 is provided 
below next to trial 1 for context.  
 
 
EZinc Trial #2 
ECorr Trial #1 ECorr Trial #2 
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Appendix E1 
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